INTRODUCTION
This study demonstrates that an in situ nondestructive, ultrasonic surface wave technique can successfully detect the onset and extent of matrix cracking fatigue damage in a titanium metal matrix composite (MMC). A quasi-isotropic [0/±45/90]s SCS6lTimetal®21S MMC material was used for room temperature fatigue tests and the resultant matrix cracking damage was ultrasonically monitored in situ as a function of cycle count. Damage accumulation in the material was successfully correlated with decreases in ultrasonic pitch catch amplitude and verified through the use of immersion ultrasonic C-scans and metallographic techniques. Damage initiation and progression was tracked through the use of complementary nondestructive and destructive techniques. The in situ surface wave data show that the higher the fatigue stress level, the more quickly damage occurs; conversely, the lower the stress level, the slower the damage initiation. The in situ surface wave technique proved to be more sensitive to the accumulating damage than standard load-displacement modulus measurements. The surface wave technique also indicated a change in material properties after only one fatigue cycle. The data acquired show that a better understanding of damage initiation and accumulation can be gained using the in situ surface wave technique in comparison to current load-displacement modulus measurements.
The development of metal matrix composites (MMC) has given engineers new hope in meeting the strict weight reduction and high stiffness requirements for advanced aerospace structures by providing high strength and long fatigue life at elevated temperatures. The eventual use of MMCs depends heavily on the ability to understand, characterize, and model their mechanical behavior and failure mechanisms. The interaction between the different fiber and matrix properties has brought about a need for more complex analysis of the damage mechanisms that lead to failure. Some dominant damage mechanisms that affect the mechanical performance in metal matrix composites are (1) matrix cracking, (2) fiber damage, (3) surface-initiated environmental damage and (4) interfacial damage between the fiber and the matrix. These mechanisms are controlled by loading conditions, environmental factors and material processing.
To help develop MMCs for use as structural materials for aerospace vehicles and other high performance systems, the capabilities of certain nondestructive techniques must be assessed to better characterize the damage initiation, propagation and failure of these materials. Nondestructive evaluation (NDE) of the initiation and propagation of damage in MMCs would greatly benefit researchers who are developing life prediction models. During previous work, standard ultrasonic techniques were determined inadequate for determining damage initiation and propagation that lead to the failure of MMCs [1] . As a result, new nondestructive techniques have been developed to better understand the damage characteristics of these advanced materials.
One new NDE technique for characterizing fatigue damage is in situ ultrasonic surface acoustic waves (SAW). Because the technique is in situ, the type of damage occurring in a test specimen can be found when it occurs and not after the specimen has failed as is the normal procedure. The SAW technique has the capability to detect fatigue damage (matrix microcracking) occurring both at the surface and subsurface. Typical load-displacement modulus data for these composites do not always give a good indication of when, or where, damage is occurring in the material. Based on a literature study, it appears that this is the first in situ technique using surface waves which has been performed on MMCs.
ULTRASONIC SURFACE ACOUSTIC WAVES
The interaction of Rayleigh waves with surface and subsurface cracks is fairly well understood for isotropic materials and information on the theory of surface waves and their interactions with cracks can be found in the literature [2] [3] [4] [5] [6] . Most prior surface wave research has been used to study the interactions with a single crack. Generally, defects are detected due to a reduction in transmitted surface wave energy and/or an increase in scattered and reflected surface wave energy. The information obtained from the scattered signal due to incidence upon the crack then provides information about the size and depth of the crack and possibly the growth of the crack under fatigue.
Recent research has been conducted where surface waves were used to detect fatigue damage in monolithic materials, in situ, as the material was undergoing fatigue [7] . This work reported in this paper extends the in situ use of surface waves to the detection and location of fatigue damage in fiber reinforced MMCs.
TEST SAMPLES USED FOR THIS STUDY
The MMCs used in this work consisted of ceramic (SCS-6) fibers embedded in a metallic matrix. This combination produces a relatively low density material with high strength and stiffness. The matrix material was Timetal®21S (Ti-15Mo-2.6Nb-3AI-0.2Si (wt%)), a metastable beta titanium alloy with oxidation resistance comparable to alpha-2 alloys [8] . The SCS-6 fiber is a beta silicon carbide monofilament having a diameter of about 142 micrometers and containing a double pass carbon-rich outer coatings added to reduce reaction with titanium matrices. The fiber has an approximate room temperature elastic modulus of 385 GPa and the measured tensile strength is approximately 4200 MPa at room temperature [9] .
The specimens used in this study contained 8 plies in a quasi isotropic [01±45190]s lay-up with an average thickness of approximately 1.90 mm. The specimen geometry was a dog bone shape, to ensure failure in the gage section at room temperature. The specimens were 152.4 mm in length such that the ultrasonic surface wave transducers would fit on the specimen at both ends and still allow a reasonable gage section. The specimens were 6.35 mm wide in the gage section.
FATIGUE TEST EQUIPMENT
The fatigue test equipment used for this study was designed to perform room and elevated temperature fatigue testing of metals and metal and ceramic matrix composites [10] [11] [12] . This system is unique in that it is a horizontal test frame that was specifically designed for testing of advanced composites that are fairly brittle in nature. The mechanical assembly consisted of a load control unit equipped with a 25 kN load cell to measure the magnitude of the load. The assembly has the ability to test material specimens in load, strain, or stroke control. Rigid hydraulic friction grips were used to grip the specimen. Nickel-base super alloy inserts are used in the grips such that various thickness specimens can be tested. The grips are designed to work at temperatures as high as 1000 dc. To help minimize bending, the grips incorporate precisely machined outer surfaces which were used to obtain transverse alignment to better than 0.025 mm and angular alignment to better than 0.0002 radians. The grips were found to produce less than 0.5% bending for a load of 1 kN for a variety of materials during evaluation tests [12] . All fatigue tests were automated through the use of PC-based software. Throughout the test, the PC monitors the load and displacement values from the load cell and an extensometer.
Ultrasonic Equipment
The ultrasonic transducers used in a pitch-catch setup in this study were broadband contact transducers having a center frequency of 10 MHz. The coupling wedges were specially manufactured to produce a surface wave in a Timetal®21S metal matrix composite. A couplant was needed to provide good acoustic coupling between the wedge and the transducer, and also between the wedge bottom and the material. A high temperature couplant was used, because of its viscous nature, so that the couplant would not evaporate significantly over time intervals of 100 hours.
Ultrasonic surface waves penetrate below the surface to a depth of approximately one wavelength. For the MMCs in this study and using 10 MHz transducers, the surface waves penetrated to a depth of at least 0.34 mm (This calculation of the depth of penetration ignores the anisotropic properties of the material) enabling the top two to three plies of the eight ply MMC to be evaluated.
FATIGUE TEST PLAN
Many different fatigue, in situ surface wave, immersion ultrasonic, X-ray, fluorescent penetrant, and metallography tests were conducted on the MMC specimens during this work. Due to space limitations in this paper, the results that represent the overall findings of this work will be presented.
Two different series of tests were run in an attempt to correlate the ultrasonic surface wave data with fatigue damage. The first series of tests involved running room tempemture fatigue tests at different maximum stresses while periodically acquiring surface wave data. For all of the fatigue tests the stress ratio and fatigue frequency were held constant at 0.1 and 1 Hz respectively. Fatigue tests were run at maximum stresses of 565,500,450,400, and 350 MPa. During the tests load-displacement data were recorded at regular cyclic intervals along with surface wave data. The goal was to determine if the surface wave data would indicate different rates of damage accumulation as was expected due to the different maximum stresses imposed.
For the second series of tests, three MMC specimens were fatigue tested at room temperature at a maximum stress of 350 MPa, stress ratio equal to 0.1, and fatigue frequency of 1 Hz. From previous fatigue tests under similar conditions a cyclic life of 40,000 cycles was expected. One of the specimens was fatigue tested to 4200 cycles (approximately 10% of life), one to 20,000 cycles (50% of life), and one to 32,000 cycles (80% of life). These specimens were subjected to additional NDE tests after the fatigue testing to characterize damage and sectioned to visualize the fatigue damage. Surface wave data and load-displacement data were acquired on each of the specimens during fatigue testing.
RESULTS
The normalized ultrasonic data versus cycles, for five specimens, tested at five different maximum stress levels, are shown in amplitude was observed to gradually increase with an increasing number of fatigue cycles before beginning to drop again with the increasing number of fatigue cycles. The initial drop in amplitude is not shown in Figure 1 . The decrease and increase in the Rayleigh wave amplitude, occurring early in the fatigue tests, were almost always seen although the reasons for these observations are not understood at this time. The number of fatigue cycles when the Rayleigh wave amplitude peaks has been found to be greater at the lower stress levels and lower at the higher stress levels. Also, the rate of decrease of the Rayleigh wave amplitude is greater at the higher stress levels than at the lower stress levels. Damage initiation and propagation in the material is dependent on the maximum stress level applied to the material during fatigue. The ultrasonic data collected clearly show that as the maximum stress level decreases the amplitude decrease (due to damage accumulation) takes longer to occur. At the low stress levels, after sufficient fatigue cycling, the ultrasonic surface waves cease to propagate in the material because of impediment by matrix cracks that have accumulated and propagated to the surface. The damage accumulation results in a signal amplitude of almost zero after enough damage has occurred because the ultrasound can no longer propagate efficiently through the material. For the higher maximum stress levels, less damage accumulates in the material, but it occurs more rapidly than for the lower stress levels. The small amount of damage that does occur is apparently detected by the ultrasonic surface waves. Sometimes, if the cracks never reach the surface, the ultrasonic surface waves continue to propagate in the material right up to the moment of failure, never allowing the surface wave amplitude to reach zero. This technique is likely to work well in detecting damage initiation and accumulation in the material, but not necessarily in predicting the cycles to failure of the material.
Pitch catch surface wave amplitude data was acquired during the fatigue tests of three additional specimens fatigue tested at a maximum stress of 350 MPa and interrupted at 4200, 20 000, and 32 000 cycles. Data from another 350 MPa maximum stress fatigue test is also included for comparison. The in situ ultrasonic pitch catch data were recorded until the point of interruption, and the specimen was removed from the test frame. Each specimen was then ultrasonically C-scanned using an immersion surface wave technique to attempt to image any surface cracks that may have caused the decrease in pitch catch surface wave amplitude seen in Figure 1 . After the immersion surface wave scans the specimens were sectioned and polished. The objective was to verify and correlate the type and extent of damage found in each specimen before failure with the in situ surface wave and other NDE information obtained. Figure 2 shows the immersion surface wave scans of the three interrupted fatigue test specimens. The top image contains the ultrasonic immersion surface wave information for the specimen that was interrupted at 4,200 cycles. The data in this image do not appear to indicate any surface breaking cracks (which would appear as high amplitude, or white regions, in these images). The middle image was acquired from the specimen interrupted at approximately 50% of life (20,000 cycles). The data indicate that one surface breaking crack had occurred, in the center of the gage section. The bottom image was obtained from the immersion surface wave scan of the specimen fatigue tested to approximately 80% of life (32,000 cycles) and shows many indications of surface breaking cracks.
METALLOGRAPHY RESULTS
The three specimens used in the interrupted fatigue tests were sectioned and polished to look for matrix cracking in the interior of the specimens. The photomicrographs show the degree of matrix cracking in the specimens correlates very well with the in situ and immersion surface wave results. The photomicrograph of the specimen fatigue tested to 4,200 cycles shows no matrix cracking, or damage of any type. The photomicrograph of the specimen fatigue tested to 20,000 cycles shows a matrix crack emanating from the 90 degree fibers and propagating towards the surfaces into the 45 degree plies. This specimen contained two cracks, with the other one similar to the one shown. Based on the recorded in situ ultrasonic surface wave pitch-catch data, it is clear that these two cracks degraded the ultrasonic surface wave pitch catch signal amplitude by over 50%. The photomicrograph ofthe specimen fatigue tested to 32,000 cycles showed numerous matrix cracks, each appearing to originate in the 90 degree plies and propagating towards the surface. Many of the cracks propagated into the zero degree plies and to the surface. It was observed that these cracks cause almost complete degradation of the in situ surface wave pitch catch amplitude.
COMPARISON WITH LOAD-DISPLACEMENT MODULI DATA
During all of the fatigue tests load and displacement data were acquired at periodic intervals. The elastic modulus was calculated for each load-displacement data set and recorded as a function of cycle number. Figure 3a shows the modulus data and the pitch catch surface wave data as a function of cycle number for two fatigue tests conducted at maximum stresses of 565 and 350 MPa. Figure 3b , from the fatigue test having a maximum stress of 350 MPa, shows a decrease in the modulus of 20% during the fatigue test. For fatigue tests at this relatively low maximum stress, the modulus gave some indication that damage was occurring Figure 3a shows the modulus and surface wave data acquired from a fatigue test having a maximum stress of 565 MPa. At this maximum stress level the modulus data was almost completely insensitive to the damage that was occurring while the pitch catch surface wave data appeared to be sensitive to damage occurring as early as 40% of life (2000 cycles). This is consistent with the findings from the three, 350 MPa maximum stress interrupted test where the surface wave amplitude decreased by 50% at approximately 50% of life.
EXTENSION TO ELEVATED TEMPERATURES
As many of the fatigue tests needed to characterize the damage and failure mechanisms in MMCs require testing at elevated temperatures, work is ongoing to use the ultrasonic surface wave technique at high temperatures. The main obstacle to overcome is protecting the piezoelectric elements and coupling wedges from temperatures in excess of 200 0c. Fortunately, the quartz lamp heating system used for these tests produces very little radiation beyond 30 mm from the middle of the test specimen. Tests have been conducted to monitor the temperature of the specimen and ultrasonic coupling wedges as a function of target temperature. It is obvious from the tests that there is a rapid decrease in temperature beyond 25 mm from the center of the specimen. Therefore special transducers and wedges are being designed to maximize the distance they can be placed from the center of the specimen. It is thought that with the newly designed transducers ultrasonic surface wave data can be acquired on MMC specimens fatigued at temperatures of at least 500°C. 
CONCLUSIONS
This paper presents, for the first time, ultrasonic surface wave data acquired, in situ, during fatigue testing of metal matrix composites. The in situ surface wave technique demonstrated good capability for detecting matrix cracking early in the specimen's life. The data showed significant decreases in the surface wave pitch catch amplitude correlating strongly to percent remaining life of the specimens. The in situ surface wave data correlated well with separate immersion ultrasonic imaging data and metallographic observations of matrix cracking. The in situ surface wave technique was found to be a better indicator of matrix cracking, and specimen remaining life, than load-displacement modulus data, especially for specimens tested at relatively high maximum stresses. Finally, initial indications show that it should be possible to use the surface wave technique during elevated temperature fatigue tests up to 500 0c. Further details of this work can be obtained from [13] .
